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Exercise electrocardiographic (ECG) testing during foi. 
low.up after coronary angioplasty is widely applied to 
evaluate the efficacy of angioplasty, even In asymptomatic 
patients. One hundred forty-one asymptomatic patients 
without previous myocardial infarction underwent quanti- 
tative exercise ECG testing and quantitative coronary angl- 
ography 1 to 6 months tier successfuI angioplasty in single 
vessel coronary artery disease to 1) determine the value of 
exercise ECG testing to detect “silent” restenosis, and 2) 
assess the Ion&term prognostic value of exercise ECG 
testing and coronary angiography. 
The prevalence of restenosis (defined as r5Q% luminal 
narrowing at the dilation site) was 12% in this selected 
study group. Of 26 patients with an abnormal exercise ECG 
(ST segment depression ~0.1 mV), only 4 (15%) showed 
recurrence of stenosis. Sensitivity and specihcity for detec- 
tion of restenosis were 24% and 82%, respectively. 
One hundred thirty=four patients (95%) were followed 
up 1 to 64 months (mean 35) after exercise ECG testing and 
coronary angiography. Thirtytwo patienb (24%) experi- 
In the last decade, percutaneous transluminal coronary 
angioplasty has become an important interventional tool for 
managing patients with coronary artery disease. One of the 
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enced a cardiac event: in 
was recurrent angina pector 
class III or IV) and in 7 pa 
infarction, although cardi 
xercise ECG testing and the initial carr- 
months (range I to 53, w 
k place 56 months afte 
testing. An abnormal exercise test result an 
nrsis had, respectively, a p tive value of 36% an 
and a relative risk of I.7 1.9. Gender, age an 
extent of ST segment depression were not related to tbe 
ce of cardiac events. 
to detect silent restenosis after coronary ~~gio~~osty of 
single vessel coronary artery disease. An abnormal exercise 
test result and angiographic evidence of restenosis had only 
limited value in predicting long-term outcome in this pa. 
tient group. 
major drawbacks of coronary angioplasty is the relatively 
frequent recurrence of stenosis at the dilation site, usually 
within 6 months of the procedure (l-8). Recurrence of a 
flow-limiting stenosis can usually be identified bysymptoms 
of chest pain similar to those that occurred before angio- 
plasty, commonly after a symptom-free period. In addition 
to the medical history, exercise el ctrocardiographic (ECG) 
testing is generally performed as a noninvasive approach to 
confirm the recurrence of a coronary artery obstruction 
because it is a relatively simple, safe and inexpensive t st. 
Because most patients u~der~~i~g coronary a~g~o~~as~y 
have single vessel coronary artery disease (9) and because 
inclusion of subjects with prior myocardial infarction will 
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cumulative number of tests performed. 
100 
60 
smgle lesion coronary arter 
e of the present study was t 
gnostic value of exercise EC 
“silent” restenosis, an 
tic ue of an 
gra sally pro 
ts. Of 500 consecutive patients who under- 
1 successful coronary aagioplasty, 141 met tke 
specific inclusion criteria for the present study: a~gio~~asty 
for single vessel disease, no other 
historical or ECG evidence of prior 
absence of typical angina pectoris be 
gation, ability to perform the exerci ECG test, and a 
diagnostic exercise ECG, that is, wi 
hypertrophy, bundle branch block or 
The study group consisted of 117 men and 24 women with 
a mean age of 55 + 9 years (range 31 to 75). The dilated 
vessel was the right coronary artery in 24 patients (P7%), left 
anterior descending coronary artery in 96 (68%) and left 
circumflex coronary artery in 21 (15%). 
The Committee on Human Research at our institution 
approved the study protocol. All patients gave informed 
consent for follow-up coronary aRgiography and exercise 
ECG testing within 1 to 6 months after coronary angioplasty 
re. Coronary angioplasty 
by a femoral route was performed according tothe technique 
of Gruentzig et al. (11). Details of the procedure used in our 
laboratory have been described previously (12,13). Patients 
received maintenance therapy of aspirin, 500 mglday. All 
antianginal medication was withheld, but beta-adrenergic 
eeks 
siori were continue 
s. 
symptom-limited exercise on a bicycle rgometer with 
stepwise increments of 20 n . The three o~ho~o~al XYZ 
leads of the Frank lead sys were recorded and analyzed 
in a quantitative manner as previously described (18). Hor- 
izontal ST segment depression 20. I mV was considere 
abnormal test response. 
Patients were followed 
mo 
patients wnh a cardi 
termimated, ven if this event occurred < 12 months after the 
exercise KG test. A second cardia 
patient was noted when it occurred <3 
event and was considered to be related to 
example, angina pectoris and subsequent reintervention). 
The information was obtained by clinic visit, questionnaire 
and telephone interview ith the patient or referring cardi- 
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Table 1. Results of Quantitative Exercise Electrocardiography 
Compared With Quantitative Coronary Angiography in 141 
Patients After Coronary Angioplasty 
Characteristic Result 
Prevalence of restenosis 12% (171141) 
Sensitivity 24% (4117) 
Specificity 82% (102/124) 
PVP 15% (4126) 
PVN 87% (lOtilI5) 
Accuracv 75% (lO6/141) 
95% CL 
7% to 17% 
7% to 50% 
76% to @% 
4% to 35% 
83% to 94% 
68% to 82% 
Numbers in parentheses r present number of events per number of 
patients. CL = confidence limit: PVP = predictive alue of an abnormal test 
result; PVN = predictive alue of a normal test result. 
ologist. Cardiac events were classified as recurrent angina 
pectoris (New York Heart Association functional c ass III or 
IV), reintervention byrepeat angioplasty orcoronary artery 
bypass graft surgery, myocardial infarction and cardiac 
death. 
Statistical analysis. The results of exercise ECG testing 
were compared with those of coronary angiography with 
respect to the following characteristics: sensitivity, speci- 
ficity, predictive value of an abnormal test result, predictive 
value of a normal result and diagnostic accuracy. Values are 
expressed as mean values 2 SD. To determine the prognos- 
tic value of the variables, relative risk ratios were calculated. 
The 95% confidence limits for all comparisons were calcu- 
lated (19). 
k-t-term follow-up angiography and exercise 
ECG testing (Table 1). At follow-up coronary angiography 
the prevalence of restenosis was 12% (17 of 141 patients). No 
complications occurred uring exercise testing. In one of 
the patients was exercise-induced systolic hypotension or
ST segment elevation observed. The exercise test result was 
abnormal in 26 patients (88%); of these, restenosis was 
present in 4 (15%). One hundred fifteen patients had a 
normal exercise test result; of these, restenosis was absent in 
102 (87%). The predictive values of the test in this study 
group and the sensitivity and specificity are shown in Table 
1. Tijree of the 17 patients with restenosis experienced 
angina pectoris during the exercise ECG test. 
Analysis of false negative and false positive test results 
(Tables 2 and 3). Patients with false negative and false 
positive test results are described in Tables 2 and 3, The 
mean percent diameter stenosis in the true positive and in 
the false negative groups were not statistically different (59% 
versus 57%). 
Four patients with a false negative test response were 
taking beta-blocking medication. Only two of these patients 
did not achieve the maximal predicted heart rate. In two 
Table 2, Patients In = 13) With False Negative Test 
Results According to the Criterion of ~50% Coronary 
Diameter Narrowing 
Vessel Age MY 
Pt. (segment) Gender %oDS AP 55 %MPH Reason 
1 LAD 51/M 52.5 - - 105 - 
2 LAD 36/M 52 - - 98 BDlDD 
3 RCA 62/M 51 - - 91 - 
4 LAD 58/F 58 - - 99 BB 
5 LCX 69/M 52.5 - - 76 MR 
6 RCA 50/M 51 - t IO8 BB 
7 LAD 57/u loo - - 91 - 
8 LAD 55/M 51.3 - - 75 HR 
9 RCA 56/M 55.3 - - 74 HR 
IO LCX 49/M 59.3 - t 72 BBIHR 
II LCX 68/M 54.5 t - 107 BDlDD 
12 LAD 56lM 55.4 - + 59 BBlHR 
13 LAD 63/M 52 t - 105 - 
AP = angina pectoris during the test; BB = administration of beta- 
adrenergic blocking agents: BBlDD = coronary branch or distal disease; F = 
female; HR = low heart rate (<9Z of maximal predicted heart rate); LCx = 
left circumflex coronary artery; M = male: %DS = percent diameter stenosis; 
%MPH = percent maximal predicted heart rate; Pt. = patient; RCA = right 
coronary artery: t = present; - = absent. 
patients not taking medication, i adequate exercise capacity 
was a possible cause for an incorrect normal test result. 
Disease confined to a side branch was observed in two 
Table 3. Patients In = 22) With False 
Results According to the Criterion of 250% Coronary 
Diameter Narrowing 
Vessel Age (yrl/ 
PI. (segment) Gender %DS AP %MPH 
1 RCA WIM 20.5 - 112 
2 RCA 59/M 2 - 141 
3 RCA 66/M 38.5 - 104 
4 LC 451 47.5 - 99 
5 LA 641 44.5 - 105 
6 LAD 44/M 45.5 - 105 
7 LAD 59/M 33.5 - 124 
8 LAD 70/M 10 t 117 
9 LAD 52/M 37.5 + 90 
10 LAD 62!F 38.9 - 91 
II RCA 59/M 29.9 - 121 
12 LCX 60/M 31.5 t 73 
13 LAD 53/M 32.1 - 83 
14 LAD 67/M 40.8 - 134 
I5 LAD 58lM 21.3 t 113 
16 LCX 56lM 24.8 - 118 
17 LAD 651F 26.6 t 119 
18 LAD 50/M 41.6 78 
19 LAD 671M 25.2 - 103 
20 LAD 681M 23.4 - loo 
21 RCA 65lF 13.5 - 133 
22 LCX @II/M 48.7 - 124 
Abbreviations as in Table 2. 
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prognostic Value of Exercise El 
Characteristic Events RR 95% CL 
Exercise ECG 
Abnormal 36% (9125) I .706 .9O-3.22 
Normal 21% (23/109) - - 
Coronar giography 
zW% 41% (7117) I .927 0.99-3.75 
<XI% DS 21% (25/117) - - 
Gender 
Male 24% (27/l 12) 1.061 0.46-2.45 
Female 23% W22) - - 
Age Wr) 
260 19% (9148) 0.701 0.35-1.39 
<bO 27% (23186) - _ 
Dilated artery 
LAD 20% (18191) 
RCA 33% (8124) - 
- 
I .b85 0.84-3.40 
LCX 3’% K?119) I.596 0.73-3.49 
Events = recurrent angina pectoris (New York Heart Association class Ill 
or IV), repeat coronary angioplasty. coronary artery bypass graft surgery and 
myocardial infarction: RR = relative risk: other abbreivations as in Tables I 
and 2. 
of the left cirs9 
branch of the left anterior descending coronary artery). 
en considering the distribution of restenosis in the sepa- 
coronary arteries, a ~orrna~ ST response during exercise 
was found in 7 of 10 patients with a lesion in the left anterior 
descending coronary artery, 3 of 4 patients with a lesion in 
the left circumflex coronary artery and 3 of 3 patients with a 
lesion in the right coronar 
Female gender appeare be correlated with a false 
positive response, as the n of women with a posi- 
tive test but without restenosis did not 
proportion of women in the entire st 
17%). Five of the 22 patients with an 
but without angiographic restenosis experi 
toris during the test. 
Long-term f~~~~w-~ les 5). Long-term fol- 
low-up was obtained in 134 patients (95%) (22 women [ 16%1 
Table 5. Degree of ST Segment Depression and Subsequent 
Cardiac Events in 134 Patients With Follow-Up Study 
ST Depression 
(mV) Events 95% CL 
<O. I (normal) 21% (231104) 
~0. I (abnormal) 36% (9125) 
0.1-0.2 50% (b/12) 
0.2-0.3 33% !319) 
20.3 0% (O/4) 
Definitions and abbreviations as in Tables I and 4. 
13% to 29% 
18% to 57% 
21% to 79% 
7% to 70% 
0% to 60% 
Fwsi events Subsequent events 
ore 2. Number of first and subsequent cardiac eve 
patients. GABG = coronary a 
New !‘OI i Heart Association c 
trans al coronary angioplasty. 
event (Fig. 2). Bra 25 
nt class III or BV angi 
was acute myocardial infarction. The mean interv 
rcise ECG and the initial iac event was 14 months 
P to 55); 47% of the i events took place 56 
cardiac events in relation to gender, age, repeat coronary 
a~giog~ap~y and the results of exercise EGG testing is 
in Table 4. The relative risk of a urther cardiac 
for an abnormal exercise se and 
sence of a~giograpbic res extent 
e 51, gender and age were not 
significantly related to the occurrence of events. Pati 
with left anterior descending coronary artery dilation e 
rienced less cardiac events in comparison to those with 
angioplasty of the right coronary artery and left circum 
coronary artery (Fig. 4). 
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Figure 4. Relation between the distribution of dilated vessels (shad- 
ed bars) and the occurrence of cardiac events (hatched bars). LAD = 
left anterior descending coronary artery; LCX = left circumflex 
coronary artcry; RCA = right coronary artery. 
The combination f results of exercise ECG testing and 
coronary angiography and their prognostic content is de- 
picted in Figure 5. Only four patients had both an abnormal 
exercise ECG test and restenosis. Three (75%) of these four 
patients experienced a cardiac event (recurrent angina pec- 
toris in two and myocardial infarction in one). Thirty-four 
patients had discordant test results. Six (2%) of 21 patients 
with a3 abnormal exercise ECG test without restenosis and 
4 (31%) of 13 patients with restenosis and normal exercise 
response had events during the follow-up eriod. The inci- 
dence of cardiac events was lowest in patients inwhom both 
test results were normal (19 [20%] of 96 patients). 
ethodologic considerations: coronary ~~~gra~hy. In 
the last decades, everal noninvasive t sts for the detection 
Figure 5. Combinations of the results of exercise lectrocardio- 
graphy (XECG) and coronary angiography (CAG) and their prog- 










xEcG+tcAG+ XECG&AG. XECGICAG+ XECGJCAG. 
Combinations of tes! resulta 
of ischemic heart disease have been i troduced. T ost 
important ofthese are the ECG stress test and the radionu- 
elide imaging test. To assess the diagnostic value of these 
noninvasive t sts, the coronary angiogram has been used as 
the reference standard for many years. However, visual 
analysis of the coronary angiograms is character&z 
high intraobserver and interobserver variability a
poor correlation between the percent diameter stenosis an 
the functional significance of the obstruction i patients wit 
multivessel coronary artery disease (20). In this context it BS 
surprising tofind sensitivity and speci values in the 90% 
range for exercise radionuclide studi 
of the coronary angiograms (21-23) 
visual analysis of the coronary angiogram as a reference 
standard for noninvasive t sts for the detection f coronary 
artery disease has been questioned by several investigators 
(24-27). To some xtent the aforementioned problems inher- 
ent in the use of the coronary angiogram can be solved with 
a quantitative analysis ystem as used in the present study. 
The 50% diameter stenosis threshold introduced by Gould et 
al. (28) in 1974. when quantitatively estimated, is still valid 
when applied in patients with a single Iesion in single vessel 
coronary disease (29). 
Patient selection. With conventional exercise protocols, 
ECG leads and ECG criteria, exercise KG testing is char- 
acterized by a high specificity and a moderate sensitivity 
(30). Moreover, its sensitivity increases with the extent of 
coronary artery disease, which implies a low sensitivity in 
patients with single vessel disease (3 l-33). This is an impor- 
tant fact to bear in mind when the exercise ECG is used to 
evaluate the results of coronary angioplasty because most 
patients undergoing angioplasty have single vessel disease 
(9). We preferentially studied only patients with single vessel 
disease and initially successful coronary angioplasty. In
single vessel disease with a single lesion, only this stenosis 
can be held responsible for an abnormal ECG test response, 
whereas inmultivessel disease the responsible lesion is ot 
always easily identifiable. Moreover, coronary angioplasty 
in multivessel disease will not result in complete revascular- 
ization in L large number of cases. The absence of clinical or 
ECG evidence of a previous myocardial infarction was 
necessary to avoid afalsely increased accuracy of the test in 
these patients (10). Importantly, patients were referred for 
the exercise ECG test and the coronary angiogram atthe 
same time (directly aftsr successful coronary angioplasty) to 
avoid selection bias (34). 
Noninvasive t sts for the detection of restenosis. The oc- 
currence of coronary reslenosis is dependent on the defini- 
tion of restenosis. Some definitions described by our group 
(14) are very attractive when t  goal isto detect significant 
changes on follow-up quantitative a~~~ograp~y. however, 
for the purpose of comparing angiographic appearance with 
the results of noninvasive t sts that study the manifestations 
of myocardial ischemia (for example, ECG changes, perfu- 
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uantitative exerctse 
aa~t~tat~ve coronary a 
romp. The incidence ra 
inadequate heart rate response and coronary branch disease 
were possible explanations for the normal res 
patients. Two of the 13 patients with restenrjsi 
exercise ECG complained of chest in daring the test, 
suggestive of myocardial ischemia. ossible explanation 
for some of the false positive res is that subcritical 
stenoses (<50% diameter narrowing at quantitative angiog- 
raphy) sometimes have hemodynamic significance related to 
several variables, such as thud velocity and viscosity, en- 
trance angle to the stenosis, length of the warrowing and exit 
angle (27), which were not taken into Co~sideratjQn in our 
angiographic analysis. Five (23%) of 22 patients without 
angiographic restenosis but with an abnormal exercise test 
result experienced angina pectoris during the test, which 
may indicate myocardial ischemia. In these patients the 
se positive” is probably incorrect. 
0~~0s~~. It has been shown (35-37) that 
in conjunction with rad~on~clide studies 
early after successful a~gioplasty is redictive of restenosis 
or recurrence of angina pectoris. in contrast to exercise 
electrocardiography alone. Some studies have incomplete 
follow-up data in asymptomatic patients, and most patient 
groups studied consist predominantly but not solely of 
patients with single vessel coronary artery disease. Deligo- 
nul et al. (38) found that a positive exercise KG within I 
is value of an exercise 
of successful coronary 
early restenosis aft 
cardiac events was only 36%. 
ostic value of early exercise E 
by patient selection, 
as restenosis in the left ant 
with co 
this study that patients with evident angina pectoris were 
excluded because they underwent repeat coronary a~giog~a- 
phy and subsequent redilation at an early stage, often 
without performing an exercise test. Perhaps stenoses in this 
group were more severe and a higher proportion of abnormal 
exercise KG responses could have been observed in these 
ey bad been tested. Exclusion of th 
may have intluenced the sensitivity of the test in 
way. This theoretic li itation does mot apply as t 
of our study was to evaluate subjects without ev 
xercise ECG testing in asymptomatic 
ed profile bad an extre 
of restenosis, whereas t 
the pretest and post-test probabilities were negligible. An 
abnormal exercise ECG response and angiographic resteno- 
584 LAARMAN ET AL. 
EXERCISE ELECTROCARDIOGRAPHY AFI-ER CORONARY ANGIOPLASTY 
JACC Vol. 16, No. 3 
September 1990578-85 
sis at short-term follow-up (1 to 6 months) were predictive of
subsequent cardiac events in the long term, although the 
predictive values (36% and 4i%, respectively) of abnormal 
test results are too low to have practical implications, asit is 
unclear how the prognosis can be influenced in these pa- 
tients. Further studies are needed to determine whether 
other noninvasive t sts, such as ambulatory ECG monitor- 
ing or perfusion imaging techniques, are more sensitive in 
detecting silent restenosis and whether these tests are better 
at predicting long-term outcome. 
Two emergent questions are not answered by the pre- 
sented data: 1) should we perform coronary ngiography in 
asymptomatic patients with an abnormal exercise ECG after 
single vessel angioplasty? and 2) will the long-term prognosis 
be favorably influenced by repeat angioplasty in patients 
with silent restenosis on routine coronary angiography given 
the inherent procedural risks and considerable chance of 
recurrent s enosis? 
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